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Ideas being developed at the
CENTER FOR BeEam PHYSICS

with contributions from :

- Swapan Chattopadhyay
- Eric Esarey

- Wim Leemans

- Sasha Zholents

- Max Zolotorev
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Attosecond Pulses
- 10%®seconds < t < 10%seconds

allows pump-probe experiments @ 101’ second scale
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Phonon Dynamics on a Surface
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Lattice vibrations and 'Phonon'
spectrum characterized by Debye Lattice relaxation time :
time-scale :
hn » KT -1
t=n = h/KT | ~100 f¢ @ room temp.
Phonons—"" V\Thermal P

Bath

e.g. PHASE TRANSITIONS like surface melting
etc. take place on these 1 - 100 fs time-scale.
EXTREMELY VALUABLE INFOMATION for
SEMICONDUCTOR PHYSICS. e.g. Silicon
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Primary Event in “Vision”

L;}l\ﬂ Ultrafast Coherent Chemical Reactions

Photon
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Controlled Study of “Protein Folding”

“stretched” uncoiled protein |t=0 viaa“physical” exper iment
/\@ 5 (as opposed to chemical or
i AN biological expt.)
v
“b-sheet
j \\\\
t=t T el
) . \e\ 18 “coiled-up
1 N 2 .
R(i,j|tt) & Clk,K|w,w) ~ folded” protein
1 t=1us
P, P;
t 3 4 t6 t7
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pulse sequence T, ts
schematic
to study correlation P, P. P.
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Particle Beam Condensates

Beams of BOSONS and FERMIONS at the limit of quantum degeneracy where
quantum mechanical collective behavior is important. Can one ever cool particle
beams to the limit of such “condensates” ??

BOSE - Beam at the FERMI - Beam
lowest possible
o N
temperature . .
\ / .

/
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Quantum relaxation

Quantum diffraction - time Quantum diffraction-
limited volume in phase-space : = 10-"sec  imited volume in phase-space :
3 3
é}{) 0 & T O & @ N /2)
> ') 7z = (2 S+1)
i_ _ Compton (S= spin of the Fermions)
Wavelength
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::\'I A STUDY OF
The Dynamics of Quantum Collapse & Entanglement

via Attosecond Bursts

Although we are comfortable with quantum physics, we seem to be having
a hard time with “quantum control”. No understanding is complete until
one can engineer ssimple systems.

“BOUND” wave-function
collapse

| /
é \© -10'7 -10-18 sec

quantum

Nl disentanglement

@ -1017-1018 sec
‘; “hw/ possibility of quantum
Q control & engineering
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”\l w ULTRASHORT BURSTS
Electron & Radiation Source Characteristics

A Coherence (d) “Attosecond”

e Sources of
- SN Electrons & X-ray

Free Electron Lasers

Wavelength (I )

Femtosecond >

Sources //
Conventional Synchrotron

Radiation Sources

Pulse Duration (1)
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Techniques

RN Thompson Scattering

References:
“Generation of Femtosecond X-rays by 90 Thomson Scattering”, (with K-J. Kim and C.V. Shank),
Nucl. Instrum. Methods in Phys. Res., A341, 351-354, 1994.

“Femtosecond X-ray Pulses at 0.4 by 90 Thomson Scattering: A New Tool for Probing the Structural Dynamics
of Materias’, (with R. Schoenlein, et. al), Science, 274, 11 Oct. 1996., p. 236.
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) Techniques (con’t)

L aser-assisted Atto-bunching:

e Laser-plasma acceleration
e Ponderomotive acceler ation

L aser-assisted SASE FEL
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/ﬂ\l Particle Accelerators to date have taken full advantage of the microwave part of
FrrEreer ‘m

THE ELECT () AGNETIC SPECTRUM
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Optical Manipulation of Particle Beams

Today we can complement the GHz microwave rf technology by state-of-the-art
short pulse high power compact lasers as work horses for particle accelerators.

However, just as in today’ s microwave technology involving beam manipulation
over fractions of mms in time-scalesof picosecondsat frequenciesof GHz, one
would have to learn to manipulate and control signals and particles at optical
wavelengths of microns, in time-scales of femtoseconds and at frequencies of THz
and higher in order to take advantage of today’ s optical technology.

The development of femtosecond kickers, choppers, bunch rotators etc., and THz

manipulation of beams will be one of the most challenging jobs for future beam
applications.

We are encouraged by our recently successful experimental experience.
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Laser Femto-dlicing of Electron Beams

femtosecond _
laser pulse x-ray beamline 1

. h i
/ £ \ / LLEL femtosecond x-rays
- bend magnets \J

&
30 ps electron bunch 1
P | N
(a) (b) (c) |

Reference: —» Unique experiment in the world.

Generation of Femtosecond Pulses of Synchrotron Radiation

R. Schoenlein, S. Chattopadhyay, H.H.W. Chong, T.E. Glover, —» Optical Manipulation of

P.A. Heimann, C.V. Shank, A.A. Zholents, M.S. Zolotorev Beams

Science, Vol. 287, No. 5461, March 24, 2000, p. 2237.
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Atto-Slicing: Laser Slicing Technique

Train of attosecond

> |] " r| |I 0.8 micron period electron bunches
WAL — |
laser pulse, ~0.2 mJ T i *“ ""|" t | ‘ 0.8 micron
| || |J | || | Sample
| v LT

T

e- 1sochronous lattice \

N S N ~200£ -
-8 ‘

w

Magnetic dispersion of electrons

Flux of the attosecond electron bunches:
train of ~100 bunches, ~10° e/bunch, 10 kHz rep. rate

* Energy modulation was demonstrated at the ALS for femtosecond

X-ray generation
* Micro-bunching at 10 um was demonstrated at ATF/BNL

* Electron pulse separation (slicing) down to 0.1 um must be studied

Dump
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One can also obtain:
* Two micro-bunch trains using top and bottom peaks of the energy

Laser Slicing Technique (cont d)

modulation
* Single attosecond electron bunch by combining the energy modulation
from two lasers DE z} _, ¢ single attosecond pulse

* Pulses with variable delay /\ - /\ /\ /\ /\
using top and bottom peaks A v V \/ \75 v v

delay
_>
_al x~

* Pulses with a given delay DEI/\ m I/\- /\ s /\
T

=2t
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Laser Slicing Technique (cont d)
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¢ Acceleration and Scattering In
Intense Laser Field

To obtain a high-brightness beam, we want to avoid
Scattering during acceleration
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;\l Atto-Bunching:
Dynamics of Ponderomotive Laser Acceleration

Laser provides acceleration, focusing and bunching

Laser mode Evolution of longitudinal phase space
Intensity vs r Initial (r,z) Final (gz)
= ' ' B yissssnasaacanass e
o ket pEESiIEEIZIIZIESIEAS 10 T
v 4 & & 10 12 R

=2
—
jur

1, |
=
3

= 100 150 ]

S, (U]

Evolution of transverse phase space
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Atto-Bunching: Laser Wake Field Accelerators

Standard LWFA: Resonant density (L=l »)> controlled wake, externally injected electrons

e Ltge, Py

Plasma waye -,

Blectron
injector laser

Self-Modulated LWFA: High density (L> »)» wake via instability, self-trapped electrons

xi-Section xi-Section
«  Wake Field
fs microbunches
. Density >1nC
100% energy Spread
_ P, c
S P A— B.A. Shadwick, et.al.

40 =20 It 20 40 A =20 ] 20 4
= 100000 — Pyt 200000 5 — B 120.0000x)  ——— Ne(t= [200000,x0)
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% High Energy E-Beam Observed using Self-Modulated LWFA

Neutron & Electron Yield vs. pulse duration
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W.P Leemans et al.
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Colliding Pulse Injection

Injection pulses collide, producing a slow-moving

o Standard LWFA regime

« 5 TW drive pulse e
e 1+1 TW colliding pulses ;g;;r
RS
Colliding pulse a _';;53'
Reference: (0.75TW)
E.Esarey et a., PRL '97 a =03
C.B. SChroederetal., PRE '99 rp= ‘]Epm
P =075TW
Ap=40um
Longitudinal phase space (p, Vs 2)
1.5 80
z=0.25mm 70!
1 | 50!
, ‘ ] 50f
YBZO'S 'Yﬁz 40"
° i 30

-15 -14 -13 -12 -11 -10 -9 -8

P
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beat wave that allows electrons to be trapped.

Drive pulse (5 TW)
generates plasma wakefield

4 4 & F B -ti-r...
- o
" Bend

. : Colliding pulse a: % magnet
n (0.75 TW) L
Gas |
jet Electron beam »
Mean energy: 40 MeV &
Bunch duration: 1 fs '
Energy spread: 0.08 MeV (0.2%)
M, =3 x10°
e =1 mm-mrad
| z = 0.95’mm
Mean energy = 39 MeV
Bunch duration =1 fs
Energy spread = 0.08 MeV
After collision

-15 -14 -13 -12 -11 -10 -9 -8

P



Colliding Pulse Injection

—> “— End of Simulation
e e 100.0
_>

(Kot (k. 1) (+k. 0)
» 1.0 colliding laser pulses :
8 (3x107 W/cm?) dr(' f&éaﬁcrﬂi;se 10.0
5 05 —fre N
E ‘\ a { \\ ! =
5 00— AL Z 1.0
N \ \ \ ,—® drivelaser pulse '
3 .05| ‘. v, 22 GV/m
£ 0.1
g 10 -30 -25 -20 -1.5
3 2 -1 0 1 y/2p

Electron bunch length: 1.0um (3.4fs)
Electron energy: 27 MeV
Electron energy spread: 0.32%

Trapping fraction: 19%
Bunch density: n ~10%cm-3

Bunch number: N, =7x10° for r ~40um
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;\l Table-Top Coherent SASE X-Ray FEL

Il . .
using aLaser Wiggler
FEL x-ray wavelength Inverse gain length
| 1 _1 1 1 _az
| =—(1+a) 2pM, " Tre, /e \/ 29 i 1+
4G
Electron beam parameters Transverse coherence requirement
N=10°, ct,=10%cm, ¢ =10° cmrad g, /€,<10
Examples
SASE E =10 keV SASE E =10 keV SASE E =1 keV
THz source (A,=100 um) CO, laser (A,,=10 wm) Ti laser (A,= 0.8 um)
v =500 (250 MeV) v =160 (80 MeV) y =13 (6.5 MeV)
E =20J E =4J E =30 mJ
N, = 6x108 N, = 2x108 N, = 2x108
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Optical “Control”

A.A. Mikhailichenko and M.S. Zolotorev, “ Optical stochastic cooling”,
Phys. Rev. Lett. , Vol. .71, N25, (1993), p. 4146.

M. Zolotorev and A. Zholents, “ Transit-time Method of Optical

Sto rage ring Stochastic Cooling”, Phys. Rev. E, Vol. 50, No. 4, (1994), p. 3087.

gain / Microwave Optical
~— ‘
+ : » frequency
Cooling insertion Bandwidth
Microwave Optical
LT T RO
—[I— P ﬁ — I
UNDULATOR OPTICAL AMPLIFIER UNDULATOF

OSC uses optical amplifier and undulators as a pick-up and a kicker.
The amplifier bandwidth is ~10'3 Hz.

(Compare with ~10% Hz for microwave stochastic cooling)
Correspondingly, OSC has a potential for ~10* faster damping.
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;\I Particle Beam isfully Resolved in Space & Time
by Light Beam
Degree of Control Number of Independent

. _ N
CoolingRate<t >% @ i phasespace @ Phase Space SamplesProbed — N

S

Cooling Time . N.= No. of Particlesin a Sample
Microwave

Molecular or _
Atomic or Plasma or Part|cl_e>
Beam Beam

Light Emittance

Beam WY’

Emittance ,

X

Coherence Volume of Li _ght << Beam Emittance
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Phase-Space Cooling in Any One Dimension
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} Fundamental 1ssues

Weexpect: <t >-1 -~ ! control time of

[NJ  damping or cooling

But, in practice, there is always amplifier noise which
modifies cooling rate to

1
[Ns+ Ny

<t>-l ~

where N, = sample population that can generate a noise
signal equivalent to the optical amplifier noise

—> —> —» —5 WhatisN_?
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} Fundamental |ssues

Each particle emits‘a’ photons per
turn, where a = fine structure
constant ~ 1/137

Total no. of equivalent noise photons
ISs~a N,
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Fundamental |ssues

Theoretical minimum of optical
amplifier noise is one noise photon
per optical mode

aN,~1=N_=1a

<t>-1 ~ 1
— [Ng+(L/a)]
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Fundamental |ssues

For large sample population, N~ 107 - 10°,
the number of equivalent
photons from sample and amplifier :

N,=a Ng+aN,~(10°-10") + 1 >> 1

Thislarge no. of photons generate an electric
field in the far-field regime which is describable
as classical light

L arge “degeneracy parameter”: large number of photonsin a coherence volume
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Fundamental |ssues

For small sample population, N~ 50 - 100,
the number of equivalent
photons from sample and amplifier :
N,~ (0.5-1) +1~0 (D).
These few photons generate afield which
Isintrinsically non -classical and quantum mechanical.

Small “degeneracy parameter”: small number of photons in a coherence volume

How does optical control work in
this quantum limit ?7?
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”\l Radiation for Charged Particles—
A Simple Physical Vision

http://www.lbl.gov/educational sites’The World of Beams
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Fundamental |ssues

Understanding “ Quantum Optics”
driven by
accelerated charges would
be critical
IN these studies
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